Reducing the enduring vulnerability to relapse is a therapeutic goal in treating drug addiction. Studies with animal models of drug addiction show a marked increase in extrasynaptic glutamate in the core subcompartment of the nucleus accumbens (NAcore) during reinstated drug seeking. However, the synaptic mechanisms linking drug-induced changes in extrasynaptic glutamate to relapse are poorly understood. Here, we discovered impaired glutamate elimination in rats extinguished from heroin self-administration that leads to spillover of synaptically released glutamate into the nonsynaptic extracellular space in NAcore and investigated whether restoration of glutamate transport prevented reinstated heroin seeking. Through multiple functional assays of glutamate uptake and analyzing NMDA receptor-mediated currents, we show that heroin self-administration produced long-lasting downregulation of glutamate uptake and surface expression of the transporter GLT-1. This downregulation was associated with spillover of synaptic glutamate to extrasynaptic NMDA receptors within the NAcore. Ceftriaxone restored glutamate uptake and prevented synaptic glutamate spillover and cue-induced heroin seeking. Ceftriaxone-induced inhibition of reinstated heroin seeking was blocked by morpholino-antisense targeting GLT-1 synthesis. These data reveal that the synaptic glutamate spillover in the NAcore results from reduced glutamate transport and is a critical pathophysiological mechanism underling reinstated drug seeking in rats extinguished from heroin self-administration.
Introduction
Relapse to using addictive drugs is linked to activating prefrontal cortex projections to the nucleus accumbens (Goldstein and Volkow, 2002) . Neuroimaging studies reveal that presenting drug-associated cues to drug-dependent humans induces metabolic activation of anterior cingulate, orbital cortex, and nucleus accumbens that is often correlated with the intensity of reported desire to relapse to drug use (Goldstein and Volkow, 2002) . Similarly, animal models of relapse show that activation of prelimbic prefrontal cortex (PL) glutamatergic projections into the core subcompartment of the accumbens (NAcore) is associated with cue-, stress-, or druginduced reinstatement of drug seeking . Importantly, evidence supporting a role for glutamate transmission in the accumbens has accrued in drug-dependent humans and in animal models regardless of the class of addictive drug.
Given the role of glutamate transmission in the nucleus accumbens, much research into the neurobiology of drug relapse has focused on measuring glutamate release and cellular neuroadaptations at excitatory synapses in the accumbens Wolf, 2010; Lüscher and Malenka, 2011) . Using microdialysis or biosensor measurement of extracellular glutamate in the NAcore, a common finding is that reinstated drug seeking in animal models is associated with a marked increase in extracellular glutamate, largely derived from PL afferents McFarland et al., 2004; LaLumiere and Kalivas, 2008; Gipson et al., 2013b) . This includes studies of reinstated alcohol, cocaine, heroin, and nicotine seeking induced by Pavlovian cues, stress, or acute, noncontingent drug administration. Further supporting a pathogenic role for increasing extracellular glutamate during relapse, the increased extracellular glutamate is not measured in the reinstated seeking of natural reinforcer .
The access of synaptic glutamate to the extrasynaptic space is gated by glial glutamate transporters that are often strategically expressed adjacent to the synaptic cleft (Minelli et al., 2001 ). This tripartite synaptic architecture (i.e., astrocytic process adjacent to the synapse plus the presynaptic and postsynaptic neurons; see Fig. 5 ) minimizes glutamate spillover, thereby permitting efficient synaptic signaling by rapidly eliminating released glutamate and localizing synaptic glutamate transmission to the synaptic site of release (Perea et al., 2009; Rusakov et al., 2011) . The glial excitatory amino acid transporter 2 (GLT-1) is particularly efficient at reducing synaptic glutamate spillover (Danbolt, 2001) . Notably, compounds that increase expression of the GLT-1 (i.e., N-acetylcysteine, ceftriaxone, and propentofylline) can inhibit the reinstatement of drug seeking (Knackstedt et al., 2009; Sari et al., 2009; Knackstedt et al., 2010; FischerSmith et al., 2012; Trantham-Davidson et al., 2012; Fischer et al., 2013; Reissner et al., 2014) .
Here, we used in vivo and in vitro assays of glutamate uptake to show that heroin use induces an enduring downregulation of GLT-1 in the NAcore that leads to spillover of synaptically released glutamate that may be pathogenic for cue-induced reinstatement of heroin seeking.
Materials and Methods

Animals and surgery
All procedures were in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and the Assessment and Accreditation of Laboratory Animal Care. Male Sprague Dawley rats (250 g on arrival; Charles River Laboratories) were individually housed in a temperature-and humiditycontrolled environment with a 12 h dark/light cycle (lights on 6:00 P.M.). Experiments were conducted during the rats' dark cycle. Rats received food ad libitum until 1 d before behavioral training, after which food restriction procedures (20 g/d of rat chow) were implemented and maintained throughout the duration of the experiment. Rats were allowed 1 week to acclimate to the vivarium before inducing anesthesia and implanting jugular cannula. The rats used for no-net-flux had microdialysis guide cannulas implanted into the NAcore immediately after catheter implantation into the jugular vein. The surgical details have been described in a previous study .
Heroin self-administration procedures
All self-administration experiments occurred in standard operant chambers with two retractable levers, a house light, and a cue light and tone generator (Med Associates). During 3 h sessions on 14 consecutive days, rats were trained to press the active lever on a fixed ratio 1 schedule with 20 s timeout for an infusion of heroin-hydrochloride (100 g/infusion for days 1-2, 50 g/4 s infusion for days 3-4, 25 g/infusion for days 5-14). The descending dosing protocol was used to facilitate the acquisition of heroin self-administration and to increase the number of reinstated lever presses (Fuchs and See, 2002) . Heroin was kindly provided by the National Institute on Drug Abuse. Saline control rats were yoked to heroin self-administering rats and thereby received noncontingent infusions of saline in the same temporal pattern as heroin infusions were self-administered. Concurrent with the drug infusion, a cue tone (2900 Hz) and cue light immediately above the active lever turned on. After 14 d of self-administration, rats began extinction training. Active lever presses produced no drug infusion or light/tone cues. For cue-induced reinstatement, no injection was given, but the session program was identical to the self-administration session program (i.e., cue tone and light turned on with an active lever press). Rats did not receive intravenous drug infusions during either mode of reinstatement trial.
Systemic treatment of ceftriaxone and intra-NAcore delivery of GLT-1 morphilinos
Ceftriaxone (Nova Plus) was dissolved in saline and administered in a dose of 200 mg/kg Trantham-Davidson et al., 2012) . Heroin-trained or yoked saline controls were administered daily treatment with ceftriaxone starting on day 8 of extinction training and continuing for 7 d, after which time rats entered a cue-induced reinstatement session. Twenty-four hours after reinstatement testing, these animals were killed for uptake assay or whole-cell recordings. Knock down of GLT-1 in the NAcore was performed using a vivomorpholino strategy that we showed previously to yield a 56 Ϯ 10% (n ϭ 7) reduction in GLT-1 expression (Reissner et al., 2012) . Two morpholino constructs (Gene Tools) were used: GLT-1 specific morpholino (5Ј-TGTTGGCACCCTCGGTTGATGCCAT-3Ј) and a random sequence as a negative control. Morpholino stock solutions were diluted 50-fold in sterile PBS (10 mM Na 2 HPO 4 , 2 mM KH 2 PO 4 , 137 mM NaCl, 2.7 mM KCl) and injected into the NAcore through 26 ga cannulae (Plastics One) implanted bilaterally into NAcore at ϩ1.5 A/P, ϩ1.8 M/L, Ϫ5.5 D/V relative to bregma (Paxinos and Watson, 2005) . A sham microinjection was performed on day 4 of extinction training. On days 5, 6, and 7 of extinction training, 1.0 l of morpholino solution was infused at 0.5 l/min using 33 ga microinjectors (Plastics One) that extended into the NAcore 2 mm below the base of the cannula. Microinjectors were left in place for 60 s to allow for diffusion. Our previous study showed that this protocol reduced GLT-1 expression in the dissected NAcore subregion at 7 d after the last microinjection (Reissner et al., 2012 ), but it also remains possible that diffusion of the morpholino altered protein expression in tissue adjacent to the NAcore.
Whole-cell recordings in acute brain slices
Rats were anesthetized with ketamine HCl (87.5 mg/kg, i.p.) and brains were rapidly removed into ice-cold aCSF. Coronal slices (230 m thick) containing the NAcore were cut in ice-cold aCSF with a vibratome and incubated in 32°C aCSF containing the following (in mM): 126 NaCl, 2.5 KCl, 1.4 NaH 2 PO 4 , 1.2 MgCl 2 , 2.4 CaCl 2 , 25 NaHCO 3 , and 11 glucose for at least 45 min before returning to room temperature. Picrotoxin (50 M) was added to block GABA A receptor-mediated IPSCs during recording. Cells were visualized using infrared-differential interference contrast optics. To assess excitatory synaptic transmission, neurons were voltage clamped at Ϫ80 mV using a Multiclamp 700A amplifier (Molecular Devices). Patch electrodes (1.5-2 M⍀) were filled with internal solution containing the following (in mM): 124 cesium methanesulfonate, 10 NaCl, 1 MgCl 2 , 10 HEPES, 1 EGTA, 1 QX-314, 2 MgATP, and 0.3 Mg-GTP, 275-285 mOsm, pH 7.2-7.4. Series resistance (Ͻ20 M⍀) and input Training days Figure 1 . Heroin self-administration induces an enduring decrease in glutamate uptake. A, Training protocol for heroin selfadministration and yoked-saline control. All measurements were performed after 2 weeks of extinction training. B, Selfadministration and extinction active lever pressing of all yoked-saline and heroin-trained rats used in all data shown in Figures 1, 2, 3, and 4. C, Decreased surface expression of GLT-1 (normalized to saline optical density) and increased surface expression of xCT without changes in total protein from whole-cell lysate. Representative Western blots for GLT-1 and xCT are shown on the right. S, Yoked-saline; H, heroin-trained. Open arrowhead refers to the band quantified. D, Na ϩ -dependent [ 3 H]-glutamate uptake (normalized to saline CPM) in NAcore tissue slices is reduced in heroin compared with yoked-saline animals, whereas Na ϩ -independent 3 H-glutamate uptake did not differ between the two treatment groups. The number of determinations is shown in the bar. *p Ͻ 0.05 comparing heroin with yoked saline.
resistance were monitored online with a 5 mV depolarizing step (100 ms) given with each stimulus. Afferents were stimulated at 0.05 Hz by a concentric bipolarectrode placed ϳ150 m dorsomedial to the recorded neurons. The intensity of stimulation was chosen to evoke a 500 -600 pA EPSC at Ϫ80 mV clamping voltage. Glutamatergic afferents were electrically stimulated and the NMDA currents were pharmacologically isolated by bath applying the AMPAR antagonist CNQX (10 M) at ϩ40 mV clamping voltage. Data were filtered at 2 kHz, digitized at 5 kHz, and collected and analyzed using AxoGraph X software (AxoGraph Scientific). NMDA current decay was quantified by the time elapsed from the EPSC peak to 50% peak amplitude using AxoGraph X.
[
H]-glutamate uptake assay
Crude membrane fractionation was used for determining the Na ϩ -dependent glutamate uptake (Salvatore et al., 2012) . Briefly, rats underwent live decapitation and the NAcore was rapidly dissected. Briefly, fresh NAcore tissue was homogenized by tissue grinders in cold 0.32 M sucrose buffer containing 10 mM HEPES and 1 mM EDTA, pH 7.4, and then centrifuged at 1000 ϫ g for 10 min to remove nuclei and large debris. The resulting supernatants were concentrated at 15,000 ϫ g for 20 min to pellet the crude membrane fraction. The pellet was subsequently suspended with Kreb's-Ringer's solution phosphate buffer (KRP) containing the following (in mM): 140 NaCl, 1.2 CaCl 2 , KH 2 PO 4 , 5 HEPES, 10 glucose, and 1 MgCl 2 . For Na ϩ -independent glutamate uptake, NaCl in KRP buffer was replaced by 140 mM choline. Glutamate uptake measurements were initiated by adding [
3 H] glutamate (0.24 M, 50 Ci/mmol; PerkinElmer) in the presence of unlabeled glutamate (10 M) in a final volume of 250 l of KRP buffer. After incubation at 37°C for 15 min, the uptake was terminated by washing the slices with ice-cold nonradioactive choline-containing buffer. Crude membranes were then solubilized using 1% SDS and the level of radioactivity was determined using a liquid scintillation counter. Protein content in each sample was measured using the BCA assay. Uptake of [ 3 H] glutamate that occurred in choline-containing KRP buffer was subtracted from that measured in the presence of NaCl to determine Na ϩ -dependent uptake component. Counts per minute were converted to uptake/milligram of protein/15 min.
No-net-flux microdialysis
For the NAcore dialysis experiments, cannulas (20 ga; Plastics One) were implanted bilaterally into NAcore at ϩ1.7 mm A/P, ϩ2.5 mm M/L at 6°a ngle, Ϫ5.5 mm D/V relative to bregma (Paxinos and Watson, 2005) simultaneously with insertion of the indwelling jugular catheter. On the night before testing, the microdialysis probes were inserted into the NAcore, with the internal cannula extending 2 mm beyond the end of the guide cannula. To estimate the basal level of extracellular glutamate, the no-net-flux procedure was conducted by changing the perfusate to dialysis buffer containing 2.5, 5, or 10 M glutamate. Three samples were collected at 20 min intervals for each concentration. The net flux of the analyte diffusing into or out of the probe was determined by subtracting the concentration of the analyte added to the buffer from the concentration of the analyte in the samples. A plot of the analyte flux at each concentration added to the buffer yields an estimate of basal levels ( y ϭ 0; or the point at which there is no-net flux of analyte into or out of the probe) and elimination (slope, or clearance of the analyte from the probe). The details of the microdialysis procedure and quantification of glutamate have been described in a previous study (Baker et al., 2003) .
Biotinylation assay
The NAcore was dissected and sliced into prism-shaped sections (200 m) with a McIlwain tissue chopper (Vibratome). The tissue was incubated for 30 min in 300 l of PBS containing 1 mg/ml Sulfo-NHS-Biotin (Pierce) at 4°C with gentle shaking. Reaction was quenched by adding ice-cold 100 mM glycine in PBS. The tissues were washed twice with ice-cold 100 mM glycine in PBS and then homogenized by sonication in 300 l of 1% SDS in RIPA lysis buffer (Pierce) containing protease inhibitor mixture (Roche). After incubating for 30 -60 min on ice, the protein-containing solution was centrifuged at 10,000 ϫ g for 10 min at 4°C to remove insoluble material. The supernatant was added with 100 l of NeutrAvidin agarose resin and incubated for 2 h at 4°C with gentle rotation. After washing with ice-cold PBS twice, the biotinylated protein was eluted by 50 l of loading buffer (1% SDS and 50 mM DTT) with heating at 80°C for 5 min. The proteins of interest (GLT-1 and xCT) in the biotinylated fraction could be detected with immunoblotting. Antibodies used for immunoblotting include mouse monoclonal antibodies against the GLT-1 (BD Biosciences), ␣-tubulin (Santa Cruz Biotechnology), and rabbit polyclonal antibodies against xCT (Szumlinski et al., 2004) . Enzyme-based glutamate biosensor R2 ceramic-based microelectrode arrays (MEAs) were prepared for in vivo recordings as described previously Quintero et al., 2011; Onifer et al., 2012) . Briefly, platinum sites were electroplated with an m-phenylenediamine dihydrochloride size exclusion layer (Acros Organics) to block potential interfering analytes such as ascorbic acid (AA), catecholamines, and indoleamines Hascup et al., 2007; Zhang et al., 2008) . After a 24 h incubation, recoding sites were coated with a glutamate oxidase (GluOx) enzyme solution (U.S. Biological) containing a final concentration of 1% BSA (Sigma-Aldrich), 0.125% glutaraldehyde (Sigma-Aldrich), and 1% GluOx. The GluOx enzyme is required for measurement of glutamate because it metabolizes glutamate to ␣-ketoglutarate, which is then converted to the reporter molecule H 2 O 2 . When a potential of ϩ0.7 V versus a silver/silver chloride reference electrode is applied to the MEA, H 2 O 2 is oxidized, resulting in the transfer of two electrons to the platinum recording surface. The resulting change in current was amplified and digitized by fast analytical sensing technology (FAST16 MKIII recording system; Quanteon).
Electrode calibration. MEAs were calibrated to determine their sensitivity to glutamate and selectivity against AA using constant potential amperometry with a FAST16 MKIII system, as described previously Quintero et al., 2011; Onifer et al., 2012) . Briefly, the MEA was submerged into 40 ml of a continuously stirred solution of 0.05 M PBS titrated to pH 7.4 and allowed to reach a stable baseline for ϳ30 min before calibrating. Phosphate buffer temperature was maintained at 37°C using a circulating water bath (Gaymar Industries). Aliquots of freshly made 20 mM AA and 20 mM glutamate were used to obtain final concentrations of 250 M AA and 20, 40, and 60 M Glu for all calibrations. Selectivity ratios for glutamate over AA were calculated in addition to the limit of detection (LOD) and linearity (R 2 ) for all glutamate MEAs. Reported as mean Ϯ SEM, the MEAs had average selectivity ratios of 50 Ϯ 22 to 1, limit of detections of 0.9 Ϯ 0.64 M, and R 2 values of 0.9952 Ϯ 0.003 (n ϭ 7 MEAs). The MEAs were also tested to compare the recording capability among the platinum recording sites using H 2 O 2 (8.8 M, final concentration) as a test substance. Electrodes that did not respond to H 2 O 2 , had R 2 values Ͻ0.99, or had LODs Ͼ5 M were excluded. After calibration, MEAs were fitted with single-barrel glass capillaries bumped to an inner tip diameter of ϳ10 m. Pulled pipettes were embedded in modeling clay fixed to the printed circuit board above the MEA ceramic tip. Molten sticky wax was applied to the embedded pipette to stabilize the assembly and to prevent movement during the recording. Attachment of the pipette was performed under a dissection scope to place the tip of the pipette above the glutamate sensitive sites 50 -100 m from the surface of the MEA Michael and Borland, 2007) . After attachment to the MEA, the pipette was filled with freshly made KCl solution containing 70 mM KCl, 79 mM NaCl, and 2.5 mM Ca 2 Cl, pH 7.4, attached to the head stage, and connected to a Picospritzer III (Parker Instruments).
Electrode implantation. Rats were anesthetized with 30% urethane at 5 mg/kg and placed in a stereotaxic apparatus (David Kopf Instruments) fitted with a 37°C with a heating pad. After removal of the scalp tissue, rats underwent a 4 mm ϫ 4 mm craniotomy to remove the skull above the NAcore on both the right and left side, leaving bregma intact. Rats were then implanted with a glutamate-selective MEA-KCl pipette assembly into either the left or right NAcore (AP, ϩ1.8 mm; ML, Ϯ1.5 mm; DV, Ϫ7 mm vs bregma) based on the coordinates from Paxinos and Watson (2005) . A small hole was drilled at the back of the skull above the cerebellum and used for placement of the silver/silver chloride reference electrode.
Stimulation protocol. Once the glutamate MEA was lowered to the NAcore, rats underwent a minimum 30 min acclimation period to establish a stable baseline recording. After the equilibration/baseline period, pressure ejections of 70 mM KCl solution were given using the Picospritzer III microinjection dispensing system. Approximately 150 nl of KCl solution was pressure ejected adjacent to the microelectrode to induce depolarization and subsequent release of glutamate in the NAcore. KCl ejection resulted in reproducible glutamate peaks detected by MEAs. After each KCl ejection, recordings were allowed to return to baseline for at least 5 min before repeating the procedure. This procedure was repeated 5 times for each recording site. The location of each recording was verified after each experiment using cresyl violet staining.
Data analysis. The FAST16 MKIII recording system saved amperometric data, time, and experimenter-mediated ejection marks. All data traces from microelectrode arrays were analyzed with FAST Analysis software (Jason Burmeister Consulting), a program written and compiled in MATLAB (The MathWorks). The FAST Analysis software was used to determine first uptake rate (M/s) and Tc (T20 -T60; mM/s). Given that glutamate uptake follows a first order decay rate, the decay of the glutamate signal can be fitted to the slope of the linear regression of the natural log transformation of the data over time; when this value is multiplied by the maximum amplitude of the signal, glutamate uptake rate in micromoles per second is obtained (Michael and Borland, 2007) . Tc (T20 -T60) is defined as the change in amplitude between T20 and T60 divided by the change in time from T20 to T60. This rate has units of millimoles per second and the parameters T20 and T60 are the seconds between the maximum amplitude and the time when the level has decreased to 20% and 60% from maximum, respectively, as follows: Tc ϭ (C20 Ϫ C60/ T20 Ϫ T60) All data were passed through a low stringency wavelet lowpass filter using the Daubechies wavelet to remove high-frequency noise.
Statistics
The data were statistically analyzed using a two-tailed unpaired t test when two groups were compared. For comparing multiple measurements in the same experiment, the data were analyzed using a two-way ANOVA. Bonferroni's or Tukey's tests were applied for multiple comparisons and p Ͻ 0.05 was considered statistically significant. All statistical tests are conducted using the SPSS or Prism (GraphPad) software.
Results
Heroin self-administration reduces glutamate uptake via GLT-1
We trained rats to self-administer a descending dose of intravenous heroin for 14 d, followed by a 14 d period of daily extinction training (Fig. 1A) . Figure 1B shows the rates of active lever press- ing for the animals trained to self-administer heroin and the yoked saline controls that were used for the biochemical, electrophysiological, and behavioral data described in our study. Figure  1B also shows the mean number of heroin infusions. In the first experiment, rats were killed and the NAcore was examined for changes in expression and function of the glial glutamate transporter EAAT2 (GLT-1; responsible for eliminating Ͼ90% of synaptically released glutamate; Danbolt, 2001). Using a biotinylation strategy to quantify surface expression, we found that GLT-1 surface protein was reduced by ϳ25% (t (25) ϭ 2.13, p ϭ 0.043; normalized to saline optical density; Fig. 1C ) and was accompanied by an ϳ20% reduction (t (10) ϭ 2.59, p ϭ 0.027) in the in vitro Na ϩ -dependent uptake of 3 H-glutamate into NAcore tissue slices in heroin (4582 Ϯ 152 cpm/mg protein/min) compared with yoked-saline animals (5387 Ϯ 197 cpm/mg protein/ min; Fig. 1D ). Because previous studies with rats trained to selfadminister cocaine showed parallel reductions in GLT-1 and the activity of the cystine-glutamate exchanger (Kau et al., 2008; Knackstedt et al., 2010) , we also blotted for surface expression of the catalytic subunit of the exchanger (xCT) and quantified Na ϩ -independent uptake of 3 H-glutamate into NAcore tissue slices, which largely results from transport by the cystine-glutamate exchanger (Bridges et al., 2012) . Figure 1C shows that, in contrast to cocaine, extinction from heroin self-administration was associated with an increase in surface expression of xCT (t (18) ϭ 2.32, p ϭ 0.032), although this increase may not reflect upregulated activity of the cystine-glutamate exchanger because there was no difference in Na ϩ -independent 3 H-glutamate uptake (t (10) ϭ 0.24, p ϭ 0.814) between heroin (199 Ϯ 8 cpm/mg protein/min) and yoked-saline animals (201 Ϯ 4 cpm/mg protein/min; Fig.  1D ). Whole-cell lysate values for GLT-1 and xCT were not significantly different in heroin compared with yoked saline animals (t (12) ϭ 1.99, p ϭ 0.070 for GLT-1; t (11) ϭ 1.41, p ϭ 0.1869 for xCT; Fig. 1C ).
Heroin self-administration reduces glutamate uptake in vivo
To assess more directly glutamate in the nonsynaptic extracellular space and to measure effects of heroin self-administration/ extinction on glutamate clearance in vivo, we inserted glutamate biosensors into the NAcore and measured the rate of elimination of extrasynaptic glutamate released by a depolarizing pulse of K ϩ . The release of glutamate by K ϩ is calcium dependent and thought to reflect largely synaptic release, although calciumdependent release by glia cannot be excluded (Cousin et al., 1993; Longuemare and Swanson, 1997) . The decay time required for glutamate to return to basal levels is controlled largely by the elimination of extracellular glutamate by glutamate transport (Day et al., 2006) . Figure 2A shows that the in vivo rate of elimination of glutamate released by applying K ϩ (70 mM; 150 nl) adjacent to a biosensor in the NAcore was markedly reduced in heroin compared with yoked-saline rats (t (9) ϭ 2.39, p ϭ 0.041). In a second in vivo experiment, a dialysis probe was inserted into the NAcore and no-net-flux microdialysis of glutamate was used to estimate the concentration and elimination of extracellular glutamate. We found that, whereas basal glutamate was not altered, heroin rats showed evidence of altered elimination of glutamate, as indicated by an increased slope in heroin compared with yoked-saline subjects (t (11) ϭ 2.90, p ϭ 0.015; Fig. 2B ).
Heroin self-administration increases glutamate spillover onto NMDA receptors
To determine whether the heroin-induced downregulation of GLT-1 produced synaptic glutamate spillover, we made wholecell patch recordings of NMDAR-mediated EPSCs from NAcore medium spiny neurons and took advantage of the fact that, when glutamate escapes the synaptic cleft, it gains access to distant extrasynaptic NMDAR that prolongs the EPSC decay time (Arnth-Jensen et al., 2002) . To induce synaptic glutamate spillover, we triggered burst stimulation at 100 Hz (Fig. 3A) and ** ** Figure 4 . Ceftriaxone restores glutamate uptake and spillover and inhibits cue-induced reinstatement of heroin-seeking. A, Repeated ceftriaxone (7 daily injections of 100 mg/kg, i.p.) during extinction increased Na ϩ -dependent glutamate uptake in heroin-trained rats (normalized to saline CPM). *p Ͻ 0.05 comparing ceftriaxone-with saline-treated heroin rats. B, No significant difference in the decay of NMDA EPSCs between yoked saline and heroin rats after ceftriaxone treatment. Top, Representative normalized traces of NMDA EPSCs. Bottom, Averaged t 1/2 decay of NMDA EPSC and net increase of t 1/2 decay. N is shown as #cells/#rats. **p Ͻ 0.05 comparing the heroin data in Figure 3D with the saline data in Figure 3D and the ceftriaxone data in Figure 4B , two-way ANOVA with repeated measures over pulses followed by a Tukey's test for multiple comparisons. C, Ceftriaxone (Cef) prevented cue-induced reinstatement of active lever pressing and antisense (AS) suppression of ceftriaxone-induced increases in GLT-1 prevented ceftriaxone-mediated inhibition of reinstated heroin seeking. *p Ͻ 0.05 comparing cue-induced active lever with extinction pressing using a 2-way ANOVA with repeated measures over extinction/cue followed by a Bonferroni's post hoc test; ϩp Ͻ 0.05 comparing Cef with saline; #p Ͻ 0.05 comparing Cef ϩ AS with Cef ϩ random.
showed an increased decay of NMDA EPSCs in drug-naive NAcore tissue slices (Fig. 3A,B) . To mimic heroin-induced downregulation of GLT-1, we inhibited glutamate transport by bath applying the glutamate transport inhibitor TBOA. Inhibition of glutamate uptake did not change the amplitude of evoked NMDA EPSCs (two-way ANOVA revealed no effect of TBOA treatment F (1,6) ϭ 0.254, p ϭ 0.632 or an interaction between TBOA and number of pulses F (3,18) ϭ 0.756, p ϭ 0.533). Notably, TBOA significantly augmented the burst-stimulation-induced increase in EPSC decay time after 4 or 8 pulses (F (3,36) ϭ 18.49, p Ͻ 0.001; Fig. 3C ). Based on these findings, we used a change in NMDA EPSC decay time (t 1/2 ) as an index of synaptic glutamate spillover resulting from reduced glutamate uptake and hypothesized that the reduced level and function of GLT-1 in the NAcore of heroin animals would manifest as increased NMDA EPSC decay t 1/2 compared with yoked-saline rats. Unlike the TBOA experiment, heroin self-administration increased the NMDA decay t 1/2 after the delivery of a single pulse (F (3,96) ϭ 8.96, p Ͻ 0.001; Fig. 3D ). This was likely due to heroin increasing the surface expression of GluN2B-containing NMDA receptors that convey increased opening time to NMDA channels . When the data were normalized to the net increase in t 1/2 after a single pulse, heroin rats still showed a significant increase in t 1/2 after 8 pulses (F (3,96) ϭ 8.96, p Ͻ 0.001), indicating potentiated glutamate spillover compared with yoked-saline animals.
Restoring GLT-1 function prevented reinstated heroin seeking We used daily ceftriaxone treatment to restore glutamate transport by GLT-1 in heroin animals . Figure  4A shows that NAcore tissue slices obtained from heroinextinguished rats treated with daily ceftriaxone had elevated Na ϩ -dependent 3 H-glutamate uptake (t (9) ϭ 2.43, p ϭ 0.038) compared with heroin animals pretreated (6409 Ϯ 236 cpm/mg protein/min) with daily saline (5608 Ϯ 223 cpm/mg protein/ min). Ceftriaxone did not alter Na ϩ -independent uptake, indicating no change (t (9) ϭ 0.388, p ϭ 0.707) in cystine-glutamate exchange (253 Ϯ 13 and 245 Ϯ 14 cpm/mg protein/min; heron and saline group, respectively). Commensurate with restoring glutamate uptake, ceftriaxone abolished the increase in glutamate spillover seen in the NAcore of heroin compared with yokedsaline rats also injected with daily ceftriaxone (F (3,75) ϭ 0.36, p ϭ 0.784; Fig. 4B ). In addition, if the data shown in Figure 4B are analyzed together with the data in Figure 3D , ceftriaxone did not alter the net increase in t 1/2 decay in yoked saline animals at any pulse number, but significantly restored the net increase in t 1/2 decay in heroin-extinguished rats at 8 pulses (two-way ANOVA with repeated measures over pulses, interaction F (9,228) ϭ 3.01, p ϭ 0.002, followed by a Tukey's test for multiple comparisons).
Importantly, ceftriaxone markedly reduced the reinstatement of heroin seeking induced by the presentation of a light/tone cue that was previously paired with heroin infusions during selfadministration training (Fig. 4C) . Because ceftriaxone has biological actions in addition to increasing GLT-1 synthesis and expression , we used a morpholinoantisense strategy to inhibit the translation of GLT-1 mRNA that reduces GLT-1 protein by 56 Ϯ 10% (n ϭ 7; Reissner et al., 2012). Intra-NAcore administration of antisense targeting GLT-1 mRNA prevented ceftriaxone from reducing reinstated heroin seeking compared with treatment with a random-sequence oligonucleotide (Fig. 4C) . The behavioral data shown in Figure 4C were analyzed using a 2-way ANOVA with repeated measures over extinction/cue (interaction F (3,24) ϭ 9.68, p Ͻ 0.001), followed by a Bonferroni post hoc test.
Discussion
We show here that, after extinction from heroin self-administration, there is a significant reduction in the capacity of the NAcore to eliminate extracellular glutamate. The reduced uptake of glutamate via the glutamate transporter GLT-1 in heroin animals caused spillover of synaptically released glutamate into the nonsynaptic extracellular space that could be detected as a decrease in the rate of elimination of K ϩ -induced release in vivo or by an increase in the decay of NMDA currents in vitro. Importantly, restoring GLT-1 and glutamate uptake with ceftriaxone inhibited glutamate spillover and the capacity of conditioned cues to reinstate heroin seeking, suggesting the downregulation of GLT-1 as a potentially critical pathogenic adaptation underpinning heroin relapse.
Downregulation of GLT-1 and glutamate spillover
Glutamate uptake via GLT-1 is strategically positioned on glial processes adjacent to the synaptic cleft to maximize the rapid elimination of synaptically released glutamate (Minelli et al., 2001; Cholet et al., 2002) . Accordingly, downregulated GLT-1 in heroin-trained rats or by a pharmacological transporter antagonist reduces the elimination of synaptically released glutamate, thereby allowing glutamate to more freely diffuse into the adjacent nonsynaptic space. Using an animal model of heroin relapse, we show that the enduring downregulation of GLT-1 in the NAcore of rats extinguished from heroin self-administration was associated with increased synaptic spillover measured by an increased time constant of NMDA current decay. Supporting this mechanism, we showed that pharmacologically inhibiting GLT-1 with TBOA produced a similar increase in the duration of NMDA currents, and restoration of heroin-induced reductions in GLT-1 with ceftriaxone normalized NMDA currents. Interestingly, inhibiting glutamate uptake did not alter the amplitude of NMDA currents, likely due to the fact that the magnitude of NMDA current depends on the amount of synaptic NMDA receptors localized to terminal regions. In addition, a previous study indicated that pharmacological inhibition of GLT-1 preferentially affects the duration of glutamate uptake as opposed to the extent of glutamate release (Bortz et al., 2013) . It is important to note that the paradigm used in our study always involved extinction training after heroin self-administration, making it possible that the changes in glutamate transport and spillover may involve both heroin use and extinction training. However, arguing that extinction training may not be relevant, it was recently shown that after 40 d of abstinence without extinction training from cocaine self-administration, GLT-1 was selectively downregulated in the NAcore (Fischer-Smith et al., 2012) .
There is an emerging number of animal studies of other drugs of abuse, including nicotine, alcohol, and cocaine, that strongly points to downregulated glutamate uptake and the resulting increased extrasynaptic glutamate in NAcore as a shared, potentially critical drug-induced neuroadaptation in creating vulnerability to relapse (Madayag et al., 2007; Knackstedt et al., 2010; Sari et al., 2011; Gipson et al., 2013b) . This is associated with spillover of synaptic glutamate into the extrasynaptic space during increased synaptic activity, as indicated by in vivo measurements of extrasynaptic glutamate made with microdialysis or biosensors Madayag et al., 2007; LaLumiere and Kalivas, 2008; Gipson et al., 2013b) . In some studies, the synaptic origin of the in vivo rise in glutamate was validated by blocking the reinstatement-associated increase with tetrodotoxin or pharmacological inhibition of prefrontal cortex glutamatergic afferents to the NAcore LaLumiere and Kalivas, 2008) . Our ex vivo data demonstrate for the first time that heroin self-administration reduced glutamate uptake via downregulating GLT-1 and that downregulated GLT-1 facilitated synaptic glutamate spillover that accessed extrasynaptic NMDA receptors, leading to prolonged NMDA current decay. Although the prolonged NMDA current decay is consistent with activating NMDA receptors more distant from the synaptic release site, it is possible that these receptors could be in adjacent synaptic release sites and in the extrasynaptic space. Regardless, augmented synaptic spillover in the NAcore of rats extinguished from heroin would be expected to increase the radius of activation of glutamate receptors from the release site compared with control animals.
Consequences of spillover of synaptic glutamate
The reduced clearance of glutamate in rats extinguished from heroin self-administration or other addictive drugs will prolong stimulation of NMDA and AMPA receptors within the cleft of the synaptic release site and also increase spillover of glutamate to stimulate receptors that are largely located outside of the synaptic cleft, including mGluR5 and NMDA receptors containing the GluN2B subunit (Fig. 5) . Although prolonged activation of synaptic ionotropic glutamate receptors would be limited by receptor desensitization (Nahum-Levy et al., 2001; Hansen et al., 2007) , an increased diffusion radius of glutamate outside of the synaptic cleft would be expected to recruit increased numbers of glutamate receptors, in particular the higher affinity mGlu and NMDA receptors. Consistent with a role for this latter process in drug relapse, antagonists of mGluR5 are widely reported to reduce the reinstatement of alcohol, cocaine, or nicotine seeking (Bäckström et al., 2004; Bespalov et al., 2005; Schroeder et al., 2008; Sinclair et al., 2012; Wang et al., 2013) . Although not as widely studied, there is also strong evidence that antagonizing GluN2B-containing NMDA receptors inhibits opioid, nicotine, and alcohol reinstatement (Ma et al., 2007; Wang et al., 2010; Gipson et al., 2013b) . Moreover, reinstated cocaine, heroin, and nicotine seeking is paralleled by a marked transient potentiation of glutamatergic synapses in the NAcore Gipson et al., 2013a; Gipson et al., 2013b) and, for heroin-trained animals, this is prevented by pharmacological inhibition or genetic downregulation of GluN2B-containing NMDA receptors in the NAcore . Both mGluR5 and NMDA receptor stimulation increase intracellular concentrations of calcium that can signal synaptic potentiation (Gnegy, 2000; Yashiro and Philpot, 2008; Anwyl, 2009) , posing a shared calcium signaling mechanism whereby the synaptic glutamate spillover arising from downregulated GLT-1 can potentiate excitatory neurotransmission and promote the reinstatement of cocaine, heroin, and nicotine seeking.
Clinical implications
The model in Figure 5 illustrates how the downregulation of GLT-1 promotes stimulation of extrasynaptic mGluR5 and/or GluN2B and thereby facilitates reinstatement. Figure 5 also offers a number of potential pharmacotherapeutic targets for treating addiction. Importantly, the literature outlined in the preceding paragraph indicates that this model may be applicable to animal models of relapse using a wide variety of chemical classes of addictive drug, including alcohol, cocaine, heroin, and nicotine. Three potentially druggable targets shown in Figure 5 are restoration of glutamate transport via increasing GLT-1 and antagonizing mGluR5 and/or GluN2B receptors. Here, we demonstrate that upregulating GLT-1 inhibits cue-induced reinstatement of heroin seeking, which has also been shown for alcohol, cocaine, and nicotine seeking (Sari et al., 2009; Knackstedt et al., 2010; Ramirez-Niño et al., 2013) . There are currently drug discovery efforts for other diseases at all three of these molecular targets (Gogas, 2006; Berry-Kravis et al., 2009; Berry et al., 2013) and our data, combined with the literature, support that targeting these three pharmacotherapeutic mechanisms, either separately or in concert, might be useful to broadly treat substance use disorders.
